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Methane Fluxes from the Peninsular Dam Impoundment in Ypsilanti, MI.
Jacob Fagerstrom and Dr. Kristi Judd
Eastern Michigan University
Abstract: Dams and reservoirs are a significant source of Methane (CH4), a potent greenhouse
gas, due to sediment and organic matter trapping, decomposition, and subsequent anoxia. Most
measurements to assess methane production from dams are on large tropical impoundments and
reservoirs, with few studies on methane emissions from small, midlatitude impoundments. These
small impoundments make up most dams around the world and are underrepresented in the
literature. Here, we evaluated methane from low-head dams on a midlatitude river in southeast
Michigan. We measured emissions from impoundment and free-flowing sections using static
floating chambers and dissolved methane along a longitudinal transect that included free-flowing
and impoundment sites. Our findings suggest that emissions were around 23 – 72 times greater in
the impoundment compared to the free-flowing river. Further, we found that aquatic vegetation
is likely the most important pathway for methane release, with emissions around 8 – 27 times
greater compared to other areas of the impoundment. These results suggest that small dams may
be a significant source of methane, with summer emission rates around 374 mg C-CH4 m-2 d-1.
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Introduction
Aquatic ecosystems play an essential role in the global carbon cycle, driving the
production, storage, transport, and transformation of carbon. Despite the relatively small global
area these freshwater ecosystems cover, they can play a disproportionate role in the movement of
carbon (Barros et al. 2011; Deemer et al. 2016; Rosentreter et al. 2021). Further, the
biogeochemical transformations from these systems are important in removing and releasing
greenhouse gasses (GHGs) to the atmosphere (Cole et al. 2007). Aquatic systems can sequester
large amounts of carbon due to sedimentation, but most are net heterotrophic (Dodds and Cole
2007) and are a source of carbon dioxide (CO2) to the atmosphere (Cole et al. 2007; Tranvik et
al. 2009). They can also produce more potent greenhouse gases like methane (CH4) and nitrous
oxide (N2O). Freshwater ecosystems are highly susceptible to anthropogenic alterations, which
can impact these transformations.
Human activities have significantly degraded freshwater ecosystems across the globe,
dramatically altering biogeochemical processes (Deemer et al. 2016; Rosentreter et al. 2021).
and enhancing the release of important greenhouse gasses, like methane (Tranvik et al. 2009;
Rosentreter et al. 2021; EPA 2021). Impoundments in aquatic systems collect organic matter
which can increase decomposition. This can promote anoxic conditions which can then enhance
the production of carbon dioxide, methane, and nitrous oxide (Friedl and Wüest 2002; Beaulieu
et al. 2014). Emissions from degraded aquatic ecosystems are not currently included in
inventories of greenhouse gasses, including the Environment Protection Agency’s (EPA),
suggesting that aquatic systems may be even greater sources of GHGs than previously accounted
for (Bastviken et al. 2004; Deemer et al. 2016; Rosentreter 2021; EPA 2021).
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While carbon dioxide represents approximately 80% of all greenhouse gas emissions by
volume, methane is another important greenhouse gas. Methane constitutes about 10% of all
greenhouse gas emissions yet has a larger warming effect per molecule compared to carbon
dioxide, trapping 28 times more heat compared to carbon dioxide on a 100-year time scale (IPCC
2014; EPA 2021). The emission of methane to the atmosphere from aquatic ecosystems accounts
for about half of all global methane emissions, with around 60% of these being anthropogenic
sources (Saunois et al. 2020; Rosentreter et al. 2021). Here, estimates suggest that human
contributions of methane from reservoirs account for ~4-6% of methane emissions (Barros et al.
2011; Rosentreter et al. 2021).
Damming
In the past 100 years, damming rivers has been important in economic development
across the United States (World Commission on Dams 2000; ASCE 2021). Damming has
historically served several purposes in controlling rivers (e.g., electricity production, navigation,
water storage, and flood control), but has become controversial because dams can cause
significant degradation to river ecosystems (Bednarek 2001; Ho et al. 2017). While dams have
long been considered a source of “clean” energy and water control, recent studies have found
that impoundments behind dams can contribute to the increase of GHGs in the atmosphere
(Deemer et al. 2016). The development of dams and other structures along rivers creates
impoundments that may promote the production of methane.
While damming has many direct ecological consequences, there are also numerous
indirect and long-term effects. Damming can cause large amounts of sediments and organic
matter to build up, reducing sediment loads downstream (Kondolf et al. 2014). Larger substrates,
like gravel, are efficiently captured, while any additional sediment and organic matter becomes
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trapped behind the stored gravel (Kondolf et al. 2014). Some large dams can accumulate an
estimated 30 million tons of sediments (Warrick et al. 2015), that can be 3+ meters deep (Peck et
al. 2007). The captured organic sediment promotes microbial activity behind impoundments
(Stanley et al. 2016). The combination of slow-moving water and high levels of organic matter
decomposition behind dams can lead to persistent anoxic conditions (Friedl and Wüest 2002). As
decomposers consume more detritus, they can deplete oxygen, while the slow water flow
prevents efficient reoxygenation. Over time, these conditions promote methanogenesis, a form of
anaerobic respiration that produces methane, over aerobic respiration, which releases CO2
(Beaulieu et al. 2014). Methanogenesis requires organic matter and low oxygen conditions, both
of which occur behind dams (Stanley et al. 2016).
Methane Release Pathways
There are several pathways for methane to be released from the sediments to the
atmosphere (Fig. 1). Behind impoundments, methane can be released by diffusion, ebullition
(gas bubble formation), and through plant stems (Bastviken et al. 2008). Methane is primarily
produced in anoxic sediments, and then released through one of these pathways or oxidized to
carbon dioxide (Bartlett et al. 1988). These fluxes are highly variable, where the quantity of
methane released is dependent on the pathway methane travels.
The evasion of methane to the atmosphere is also dependent on the availability of
oxygen, where in the presence of oxygen, methane will be oxidized to CO2 by methanotrophic
bacteria (Bastviken et al. 2008; Galy-Lacauz et al. 1997). Methane produced in anoxic sediments
can diffuse down its concentration gradient, traveling from deep water to the surface, and then
into the atmosphere. Ebullition occurs when gas production in the sediments is high. As the total
dissolved gas pressure in the sediments increases, gas bubbles form, and rise to the surface
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(Joyce and Jewell 2003). With the vascular tissue methane pathway, methane can move from the
sediments to the atmosphere via plant vascular tissues. In the stems of macrophytes which use
active gas transport, methane can travel through gas spaces in the tissues, which releases
methane at the surface (Öquist and Svenssson 2002; Colmer 2003).
Diffusion is typically slower than other pathways, and oxidizing bacteria can remove
more methane before it is released, so we would expect more methane consumption in deep
water sites (Bastviken et al. 2008). Bubbling is a faster route of methane release to the
atmosphere, methane is released quickly and can bypass microbial oxidation, allowing a greater
proportion of methane to reach the atmosphere. Similarly, plant transport provides a quick
escape that also can bypass methane oxidation, and we would expect vegetated sites to release
more methane into the atmosphere compared to the diffusion pathway (Bastviken et al. 2008).

Fig. 1: The three main pathways of methane emissions from dams; 1. through macrophyte stems, 2. diffusion to the
surface, and 3. ebullition bubbles. This figure is adapted from The Boardman (2019).
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Methane Emissions from Midlatitude Dams
With recent studies recognizing dams as an important source of GHGs, removal could be
beneficial in reducing emissions (Deemer et al. 2016). There are nearly 100,000 dams in the
United States, many of which are beyond their typical 50-year design lifespan, with an average
age of 57 years old (Ho et al. 2017; ASCE 2021). With the aging infrastructure, the risk of dam
failure is an increasing concern, with removal or decommissioning becoming a common practice
(Bednarek 2001; Thomas-Blate and 2020; ASCE 2021). The removal of dams provides an
opportunity for research that examines the effect impoundments on an ecosystem as well as
ecosystem recovery after removal. There are numerous studies where the environmental impacts
of dam removal on the ecosystem have been analyzed (Bednarek 2001; Deemer et al. 2016).
However, the reduction of methane emissions is not typically considered and is usually absent
from this research. Recent studies have found that dams can be a source of methane, but these
studies are largely focused on tropical watersheds, underdeveloped regions, or on large dams
(Barros et al. 2011).
Relatively little is known about small dams, yet these make up a large majority of
impoundments in the US, accounting for up to 90% of all dams in some regions (Bednarek 2001;
Ho et al. 2017). Studies indicate that dams can be a significant source of greenhouse gasses, yet
the findings may not be appropriate for generalization when considering small dams (St. Louis et
al. 2000). In small midlatitude dams, a range of conditions often exist, from shallow water to
deep water, fast and slow flow, and patches of macrophytes. Dams may cause major alterations
to the channel morphology due to the increased sediment trapping. Further, dams can cause
changes and increases in riparian vegetation and aquatic macrophyte abundance (Gordon and
Meentemeyer 2006; Ceschin et al. 2015). Because these impoundments are often highly
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heterogeneous, methane emissions likely reflect this (Bastviken et al. 2008; Beaulieu et al.
2014).
There is also relatively little known about dams in midlatitude systems, although at ~30%
of dams are in this region (Barros et al. 2011). Most studies focus on tropical impoundments as
hotspots of methane production, but midlatitude systems are often disregarded as large sources of
methane (Saunois et al. 2020). Methane emissions are known to decrease from tropical regions
to midlatitude due to temperature changes, and cooler temperatures have been associated with
lower methane emissions (Barros et al. 2011). However, some recent studies have found that
methane production can deviate from these patterns, and more research is needed (Maeck et al.
2013; Beaulieu et al. 2014; McGinnis et al. 2016).
The aim of this study was to assess methane emissions from impoundments behind two
low-head, midlatitude dams on the Huron River. We hypothesized that because these dams slow
water flow and collect organic matter, conditions that favor methanogenesis, methane emissions
would be greater behind impoundments compared to upstream and downstream free-flowing
sites. Further, areas behind dams are highly heterogeneous with a range of conditions, including
large patches of macrophytes. We also hypothesize that because macrophytes can transport gases
through their stems, areas with vegetation will have higher methane release compared to areas
lacking macrophytes. To test these hypotheses, methane emissions were measured in the
impoundment behind Peninsular Dam and at several free-flowing sections of the Huron River.
We measured methane emissions using floating chambers and dissolved gas samples. We also
examined the heterogeneity of methane behind dams as well as the longitudinal patterns in
dissolved methane along the river.
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Methods
Study Sites
The Peninsular Paper Dam (Fig. 2; site 5) is a 4.9 m high, and 88.4 m wide inactive
hydroelectric dam located in Ypsilanti, Michigan (42.2561, -83.6241) on the Huron River. This
structure is 102 years old and poses a flood risk if it is not repaired or removed (Princeton Hydro
2018). Because of this concern, the Huron River Watershed Council and the Ypsilanti City
Council approved the removal of the Peninsular Dam in May 2019 (HRWC 2019). The
Peninsular Dam is an ideal site for data collection due to its proximity to Eastern Michigan
University (Fig. 2) and because it allows the possibility for further studies (before-after-controlimpact) following the dam’s removal (Bushaw-Newton et al. 2002).
The Superior dam (Fig, 2; site 2) is another impoundment 2.4 km upstream from the
Peninsular Dam, also along the Huron River in Ann Arbor, Michigan (42.2653, -83.6445). This
is an 8.4 m high, and 100.6 m wide active hydroelectric dam. Similarly, this dam is 102 years old
but is not currently scheduled for removal (HRWC 2015). Further, the Superior dam site
provides the opportunity to compare two nearby dams and provides a control site once the
Peninsular Dam is removed. The Superior and Peninsular Dams are just 2 of 17 dams along the
main stem of the Huron River (Lawson and Steen 2020).
Four additional sites above and below the dams were used in this study (Fig. 2). Two of
these sites were used in the chamber study (sites 3 and 6) and all four additional sites were used
for sampling dissolved gas. These sites included three free-flowing river locations with little
influence from the Peninsular and Superior dams including one 2.1 km upstream from the
Superior Dam (site 1) (42.2722, -83.6627), one between the two dams (site 3) (42.2596, 83.6369), and one 1.4 km downstream from the Peninsular Dam (site 6) (42.2487, -83.6129).
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There were also three impoundment sites with the Superior Dam (site 2), an intermediate flow
(site 4) (42.2594, -83.6361), and the Peninsular Dam (site 5) site. Sampling began in May 2021
and continued every week until early August 2021.

Fig. 2: Satellite image of the six sampling sites on the Huron River. The sites from left to right are upstream to
downstream. The sites are organized into free-flowing sites which are all close to a natural river with regular flow
(1, 3, 6), impoundments (2 = Superior Dam; 5 = Peninsular Dam), and 4 is an intermediate site. Blue represents
natural flow, light blue represents intermediate flow, and red represents an impoundment.

Static Floating Chambers: Total methane emission
Static floating chambers were used to capture methane emissions to the atmosphere by
bubble formation, diffusion, and transport through plant vascular tissues. With the static floating
chambers, we sampled an upstream free-flowing site, the Peninsular Dam, and a downstream
free-flowing site (Fig. 2; sites 3, 5, and 6). At the free-flowing sites, there were 6 replicates for
one sampling day each. With the Peninsular Dam, sampling was stratified into three zones with
two replicates each, carried out on two different days. The zones used at the Peninsular Dam
were selected to allow the characterization of different habitats that could differ in methane
production. The zones included deep water (8.3 - 12.1 ft), shallow water (4.2 - 4.5 ft), and
vegetated areas (2.9 - 3.4 ft). The vegetated areas sampled included stands of White Pond Lily,
Nymphaea odorata, a high-quality native species (coefficient of conservation = 6). The shallow
and deep-water areas were sampled in open water without any vegetation.
9

Chambers were constructed using 28 L polyethylene containers with an open bottom
covering 0.22 m2, with floats attached to the sides (Fig. 3). A small hole was plugged with a
rubber stopper and sealed with silicone on top of the chamber; this was used to insert a syringe
for sampling and to plug the chamber while not collecting samples (Bastviken et al. 2004). These
chambers were attached to the shore with rope and left for 1 hour at each site. A 60 mL syringe
was used to collect approximately 10 mL of gas after 30 minutes and at the end of the 1-hour
period. Ambient atmospheric air samples were also collected at each site. The ambient air
samples were collected so we could subtract ambient methane from the methane in the chambers
to allow us to determine the increase (or decrease) in methane relative to the background
concentrations. The syringes were then fitted with rubber bands to reduce sample leakage. These
samples were stored in a cooler and analyzed on a Gas Chromatograph (model Shimadzu GC2014) for methane the same day (Bastviken et al. 2004; Beaulieu et al. 2014).
Dissolved Gas Sampling: Methane Concentration
Dissolved methane was measured to estimate diffusive fluxes of methane and
characterize horizontal patterns of lateral transport of methane between dams. Dissolved gas
samples were collected at each of the 6 sites (Fig. 2). At the Superior Dam, the between-dam free
flowing, Peninsular Dam, and downstream sites (sites 2, 3, 5, and 6), we collected two samples
from each site approximately every other week throughout the summer (6 sample dates total;
except for the upstream site (site 1), that had only four sampling dates, and the intermediate site
(site 4), that had only five sampling dates).
Water samples were collected for dissolved methane analysis just below the water surface
(0.1 meters). A bubble free-water sample was collected and equilibrated with a headspace of
atmospheric air by vigorously shaking the sample for 2 minutes. This sample was then
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submerged underwater for 2 minutes to maintain river temperature and to allow the headspace to
equilibrate. Approximately 15 mL of gas was then transferred to a 60 mL syringe fitted with
rubber bands to reduce sample leakage. At each site, we collected duplicate samples while also
collecting an ambient atmospheric air sample. The ambient air samples were collected so we
could subtract the background methane from headspace methane. These samples were stored in a
cooler and analyzed on a Gas Chromatograph for methane the same day.

Fig. 3: These are images of static floating chambers deployed at the Peninsular Dam. These chambers were left
floating for 1 hour and were sampled at 30 minutes and 1 hour. The image on the right is a close-up, top view of a
chamber.

Gas chromatography
To determine sample concentrations (ppm) with the gas chromatograph, a standard curve
was generated using 3 certified gas standards with concentrations of 2 ppm CH4, 100 ppm CH4,
and 2000 ppm CH4. For the static floating chambers, we calculated the rate of methane
accumulation in the chamber over the one-hour time interval. This was calculated by converting
the concentration of CH4 in ppm to mg of carbon (C-CH4) produced. The mass of ambient CCH4 was subtracted from the total mass of C-CH4. To calculate methane production, atmospheric
C-CH4 was subtracted from the total methane because it was already in the chamber, and we
wanted to find how much methane was produced. This ambient methane was typically
11

negligible. This value was then converted to daily production by dividing by the area of each
chamber (m2) and then dividing by time (day).
After calculating the concentration of methane in the headspace, the concentration of
dissolved methane in the original water sample was calculated using procedures from Kling,
Kipphut, and Miller (1992). This method accounts for the concentration of methane in the
atmosphere, water temperature, and pressure. We corrected for the atmospheric methane by
subtracting the atmospheric concentration form the sample concentration. The atmospheric
methane was typically negligible.
Statistical Analysis
We performed a non-parametric one-way, repeated-measures analysis of variance
(ANOVA) to compare the differences in methane between sites. This was done using the
Friedman test, the non-parametric alternative to the repeated measures ANOVA. Statistical
analyses were performed using R 4.1.3 and R studio, as well as the R “stats” package and the
“conover.test” package. Before running statistical tests, a Shapiro-Wilk Normality test and
Bartlett test were performed. After unsuccessfully attempting to transform the data to meet
parametric test assumptions, we ran the Friedman test.
For the chamber and dissolved samples, we used two different post-hoc analyses. We
used the Bonferroni correction with a t-test and Mann-Whitney U-test for the chamber data posthoc analyses. The chamber samples had a significance level of α = 0.017. For the dissolved
samples, 2 sampling days were omitted because not all the sites were sampled. We also averaged
subsamples from each site before performing the analyses. We used the Conover-Iman Test of
Multiple Comparisons Using Rank Sums for the dissolved sample post-hoc analyses. The
dissolved samples had a significance level of α = 0.025.
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Results
Methane Emission - Static Floating Chambers
To determine how methane emissions change upstream and downstream of
impoundments, we measured total methane emission rates using static floating chambers along
the Huron River. We found that emission rates were highly variable among the upstream (3),
downstream (6), and Peninsular Dam (5) sites, and were significantly different (P = 0.0057) (Fig.
4). There were also significant differences with the pairwise comparisons among methane
production rates from the chambers when using a significance level of α = 0.017 (Table 1). The
Peninsular Dam site produced the most methane, with rates ~23 times greater than upstream site
emissions rates (P = 0.0021) and ~72 times greater than downstream site emissions rates (P =
0.00011). The high outlier was not an anomaly, rather a high emission rate from the vegetated
zones. There was also a significant difference between the upstream and downstream sites (P =
0.0011) where the upstream site produced ~3 times more methane.

Fig. 4: Methane emission from three areas along the Huron River; these were two free flowing areas (sites 3 and 6)
and the Peninsular Dam (5). Methane was captured using static floating chambers. n = 2 and k = 3.
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To determine whether methane emission varied in different areas of an impoundment, we
sampled in three zones in the Peninsular Dam impoundment: deep water, shallow water, and
vegetated water areas. We found that methane emission rates differed significantly among the
zones (P = 0.018) (Fig. 5). Pairwise comparisons found only non-significant trends when using a
significance level of α = 0.017. Areas with White Pond Lily produced the most methane, with
rates ~8 times greater than shallow water (P = 0.029) and ~27 times greater than deep water sites
(P = 0.098). Finally, shallow areas produced ~3 times more methane compared to deep areas (P
= 0.057).

Fig. 5: Methane emissions from three areas behind the Peninsular Dam impoundment (site 5) with shallow,
vegetated, and deep-water areas. Methane was captured using static floating chambers. n = 2 and k = 3.
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Table 1: P values from chamber methane emission pairwise comparisons, comparing three areas along the Huron
River; these were two free flowing areas (sites 3 and 6) and the Peninsular Dam (5). Methane was captured using
static floating chambers. * indicates a significant difference, using a significance level of α = 0.017 calculated from
the Bonferroni correction. n = 2 and k = 3.

Sites

Upstream (3)

Upstream (3)

Peninsular Dam (5)

Downstream (6)

0.002047*

0.001045*

Peninsular Dam (5)

0.002047*

Downstream (6)

0.001045*

0.0001077*

Peninsular Dam Sites

Shallow

Lily

Deep

0.02857

0.05714

Shallow
Lily

0.02857

Deep

0.05714

0.0001077*

0.09769
0.09769

Methane Concentration - Dissolved Samples
To characterize any horizontal patterns in methane between dams, dissolved
measurements were used to determine methane concentration and estimate diffusive methane.
For the dissolved gas measurements along the Huron River, we found that methane
concentrations were significantly different overall (P = 0.015) where methane concentrations
were highest behind impoundments and decreased as the river returned to natural flow (Fig. 6,
Table 2). For the individual comparisons, we found that there were significant differences when
using a significance level of α = 0.025. Dissolved methane concentrations were greatest behind
the Peninsular Dam, the Superior Dam, and the intermediate site. These all produced between
22.7 – 25.4 µg C-CH4/L and were not significantly different. The largest differences were
between the Peninsular Dam (site 5) and the free-flowing sites (sites 1, 3, and 6). The Peninsular
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Dam produced ~6 times more methane than the upstream site (1) (P = 0.0098), ~2 times more
methane than the between-dam, free-flowing site (3) (NS, P = 0.072), and ~7 times more
methane than the downstream free-flowing site (6) (P = 0.0009). Methane concentrations
generally decreased as summer progressed, but this was non-significant, and was likely impacted
by two substantial rain events (Fig. 7).

Fig. 6: Average dissolved methane concentrations from six sites along the Huron River, over several sampling days.
The red represents impoundments, and the blue represents intermediate and free-flowing areas. Methane was
measured using water samples and headspace equilibrium. n = 4 and k = 6.

Fig. 7: Dissolved methane concentrations from six sites along the Huron River throughout the summer. The red
represents impoundments, and the blue represents intermediate and free-flowing areas. Methane was measured using
water samples and headspace equilibrium. n = 4 and k = 6.
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Table 2: P values from dissolved methane Conover test comparisons, comparing all 6 sites areas along the Huron
River. * indicates a significant difference, using a significance level of α = 0.025. n = 4 and k = 6.

Site

Upstream

Superior Dam

Free Flowing

Intermediate

Peninsular Dam

(1)

(2)

(3)

(4)

(5)

Superior Dam (2)

0.0073*

Free Flowing (3)

0.1562

0.0568

Intermediate (4)

0.0073*

0.5000

0.0568

Peninsular Dam (5)

0.0098*

0.4457

0.0724

0.4457

Downstream (6)

0.1411

0.0006*

0.0228*

0.0006*

0.0009*
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Discussion
This study documented methane concentrations and emissions from several sites along
the Huron River and revealed that the Peninsular and Superior dams are both significant sources
of methane compared to upstream and downstream sites. We found highest rates of methane
emissions in the impoundment behind the Peninsular Dam, where rates were one to two orders of
magnitude greater than the free-flowing sites. Total methane emitted and dissolved methane also
decreased with distance from the impoundments, where free-flowing sites had significantly less
methane. Further, we found that shallow vegetated areas behind impoundments had the greatest
rates of methane emission. Our findings supported the hypotheses that: (1) methane emissions
were higher behind impoundments compared to free-flowing sites, and (2) areas with aquatic
vegetation had higher rates of methane emissions. Our findings suggest that sediment buildup,
slow water flow, and increased decomposition behind dams can play a role in producing potent
greenhouse gases, particularly through the formation of shallow, vegetated zones. This study also
highlights the importance of small, midlatitude dams in global methane emissions.
Both methane concentrations and methane emissions were greatest behind the Peninsular
Dam. These findings are consistent with current literature regarding methanogenesis. Excess
organic matter decomposition and slow water flow along the Huron River likely stimulated
methanogenesis (Beaulieu et al. 2014; Stanley et al. 2016). The observed increase in dissolved
methane behind the impoundments can be attributed to enhanced transport of methane to the
water column (Maeck et al. 2013). The increase in methane emissions behind the Peninsular
Dam can be attributed to increased ebullition and vegetation transport in shallow area. This
likely links the sediment accumulation behind the impoundment to increased methane emissions.
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Methane Production and Emission
Using static floating chambers, we found that methane emissions were significantly
higher in areas of the impoundment compared to free-flowing sites. The chambers were used to
estimate methane emission rates from multiple pathways including ebullition, diffusive, and
transport through vegetation. Average methane emission rates in the impoundment were 23 – 72
times higher compared to free-flowing sites upstream and downstream of the impoundment. This
indicates that methane is likely produced behind the dams due to excess organic matter,
increased decomposition, and a decrease in redox potential (Beaulieu et al. 2014; Stanley et al.
2016). These chamber findings are consistent with conclusions from other researchers who found
dams are hotspots of methane production (Deemer et al. 2016).
We also found high heterogeneity of methane emissions behind the Peninsular Dam,
where vegetated and shallow zones had the highest methane released in the impoundment.
Behind the Peninsular dam, the three distinct areas: vegetated zones, deep water, and shallow
water, all had significantly different methane emissions. In the impoundment, there were large
stands of Nymphaea odorata, a high quality, native species. The areas with lily pads released 8 –
27 times more methane than shallow and deep-water sites. Plant-mediated active gas transport
can be an important pathway of methane to the atmosphere. It is driven by active gas transport in
the aerenchyma (vascular tissues) of macrophytes as an adaptation to anoxia in the sediments.
Some rhizomatous emergent plants, including N. odorata, can “pump” methane directly into the
atmosphere (Colmer 2003; Bastviken et al. 2008). Our finding that macrophytes can enhance
methane release is similar to results from several studies that found that methane release in
various macrophyte species patches can drastically exceed unvegetated areas (Desrosiers et al.
2022; Bastviken et al. 2004). Desrosiers et al. (2022) found that methane released from
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macrophytes (T. latifolia and B. schreberi) can be one to two orders of magnitude greater than in
open water sites. While we sampled just water lily, there were also large patches of Nelumbo
lutea, which may also contribute to methane release. Vegetated habitats can contribute to a
majority of total carbon emissions (81%) with relatively little surface area (26%) in lakes
(Desrosiers et al. 2022). The impact of dams on methane emission may be strongly related to the
extent to which they allow the formation of macrophyte beds of rhizomatous species that carry
out active gas transport (Gordon and Meentemeyer 2006; Ceschin et al. 2015)
One explanation for the enhanced emissions at the impoundment is the accumulation of
sediments (Maeck et al. 2014). Sediment accumulation is a driver of methane release in both
macrophyte beds and shallow water sites. At the Peninsular Dam, there were at least 3 feet of
loose sediment and organic matter, which trapped large bubbles of methane. Other studies have
found that high sediment trapping in rivers can promote higher rates of methane production
(Maeck et al. 2014). One study has also found that sedimentation driven methane emissions can
be a significant source of methane, increasing global freshwater emissions by 7% (Maeck et al.
2013). Because of this, methane release behind dams may increase over time as they accumulate
more sediments and the area habitable by macrophytes expands.
The next highest rates of methane emissions were from shallow zones in the
impoundment. These were ~3 times greater than deep water areas of the impoundment. This is
likely due to higher ebullition rates in shallow areas compared to deeper waters. Some studies
have found that shallow sites produce the most bubbles of methane compared to deep water sites
and that the shallow depth prevents the dissolution of bubbles (Bastviken et al. 2008; Beaulieu et
al. 2014). This supports the higher emission rates we found in shallow areas.
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Estimating Impoundment Methane Emission
The rates of methane emission that we calculated for the Peninsular Dam were slightly
higher compared to other midlatitude and tropical dam studies. We found that emissions in the
impoundment can range from 40.8 – 1,083.3 mg C-CH4 m-2 d-1. A study that used a similar
methodology to our study found lower total methane emissions (176 ± 36 mg C-CH4 m-2 d-1)
(Beaulieu et al. 2014). Conversely, much of the prior research on midlatitude reservoirs and
rivers found that they emit significantly less methane than tropical reservoirs, only around 1 − 50
mg C-CH4 m-2 d-1 (Barros et al. 2011; Beaulieu et al. 2014). One explanation for this finding is
that most studies only consider diffusion and ebullition, while not sampling vegetated sites.
These studies found temperate systems to range from around 3 – 79 mg C-CH4 m-2 d-1, all below
our highest rates of methane emission (St. Louis et al. 2000). The findings from St. Louis et al.
(2000) do fall in line with our open water emission rates (40.8 – 134.8 C-CH4 m-2 d-1), but not
our vegetated sites, suggesting that excluding macrophyte emission fluxes may lead to
underestimating midlatitude dams as a source of methane. Our findings highlight the importance
of including vegetated zones and suggest that studies that omit these zones may greatly
underestimate methane emissions.
One method to estimate the total methane emission more accurately from an
impoundment is to determine the total cover of vegetation using satellite maps. This allows us to
take our estimated rates of emission from shallow, deep, and vegetated areas, and apply it to the
whole impoundment. Using a rough estimate of Peninsular Dam impoundment, we found that
the total area was about 250,000 square meters with about 72,000 square meters covered in
aquatic vegetation (Table 3). This indicates that almost a third of the impoundment was covered
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in aquatic vegetation. The rest of the impoundment was mostly shallow water with some deep
areas directly behind the Peninsular Dam.
Table 3: Methane emission rates from areas of vegetation, open water, and an estimate of the entire impoundment.
The open water site methane release was calculated by averaging the deep water and shallow water methane
emission rates. This is likely an underestimate as most of the impoundment was shallow water. Finally, we
estimated an annual 4-month time period for methane production, from May through August. The annual estimate
was found by multiplying the rates of emission by the total area of the impoundment, for 4-months.

Site Conditions

Area (m2)

Methane Release (mg

Total Daily Methane

Annual (4 month)

C-CH4 m-2 d-1)

(kg C-CH4 d-1)

Estimate (kg C-CH4)

Vegetation

72,767 m2

1,083.25

78.82

9,695.46

Open Water

180,051 m2

87.79

15.81

1,944.22

Total

252,818 m2

374.31

94.63

11,639.68

Using this rough approximation of the area behind the dam, we found that the Peninsular
Dam impoundment produced about 374 mg C-CH4 m-2 d-1 (Table 3). This exceeds some
estimates from other midlatitude studies (Barros et al. 2011), with our results falling in the range
of estimates previously reported for tropical reservoirs, 13−1,140 mg C-CH4 m-2 d-1 (St. Louis et
al. 2000; Beaulieu et al. 2014; Deemer et al. 2016). This is also comparable to studies by Maeck
et al. (2013), Beaulieu et al. (2014), and McGinnis et al. (2016), where these researchers found
that midlatitude methane emission rates can be similar to tropical systems. When considering
vegetation, we found that methane emission rates from this small temperate impoundment is a
similar order to larger, tropical impoundments.
The Peninsular impoundment is smaller (0.253 km2) compared to the size of most
impoundments used in methane emission studies (Table 3). Most of these studies are on much
larger impoundments (0.271 to >10,000 km2) compared to the Peninsular Dam (Lehner et al.
2011). Of these impoundments, most are large dams (>15 m high), which make up around
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50,000 dams. Conversely, there are millions of small dams (<15 m high), with many that are not
documented (Lehner et al. 2011; Fencl et al. 2017). Lehner et al. (2011) estimated that there are
around 13.9 million impoundments between 100 m2 and 1,000 m2 which are entirely
unaccounted for. These many small dams may have similar methane emission rates to the
Peninsular Dam. Our finding suggests that if vegetation is considered, release from all dams may
be higher than previously thought, but particularly behind small dams, that have greater relative
area of vegetated zones.
More sampling is needed to construct an annual budget that accurately estimates methane
emission from midlatitude dams. While our estimate of methane emission rates is similar to
large, tropical impoundments when vegetation is included, this estimate may be inaccurate due to
a limited number of samples and sampling only over a short period of time in the summer.
Another consideration with our estimate is that year-round temperatures are different between
midlatitude impoundments and tropical impoundments. Winter emissions at the Peninsular Dam
are likely limited by the combination of cold-water temperatures and higher dissolved oxygen in
deep water. These in combination significantly reduce methanogen activity (Kelly and
Chynoweth 1981). With midlatitude impoundments, we can expect warm weather for about 4
months with higher methane emissions, and less methane for 8 months when temperatures are
cooler. In the tropics, seasonality does not affect emissions as much, because temperatures are
higher year-round (Barros et al. 2011). With these considerations, on average, tropical
impoundments likely produce more methane per dam, and produce methane throughout the year.
Seasonal measurements are needed to better understand patterns of emissions at midlatitude
dams. Further, with these in mind, repeating this study with more replicates, over more time, and
in a range of temperatures could improve our current methane estimates.
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Dissolved Methane
We identified a horizontal signature in dissolved methane concentration, where the
impoundment sites (Superior Dam, intermediate flow, and Peninsular Dam) all produced
significantly higher methane compared to free-flowing sites. The Peninsular Dam had around 2 –
7 times higher dissolved methane concentrations than upstream and downstream free-flowing
sites. This helps further support our previous finding that methane is produced in excess behind
the impoundments due to the collection of sediments, subsequent decomposition, decreases in
oxygen, and an increase in methanogenesis (Beaulieu et al. 2014; Stanley et al. 2016). Further,
these concentrations are consistent with conclusions from other studies that found dams are
hotspots of methane production, with 80 – 200 times higher methane concentrations than
upstream (Guérin et al. 2006).
The lowest methane concentrations were found at the sites farthest from dams, sites 1 and
6, 2.1 km and 1.4 km from dams. At the sites between the Peninsular and Superior Dams, much
of the river was wide and had a slower flow than the natural river portions of the Huron. This
allows the entire river impoundment to produce methane. The upstream and downstream sites are
similar to natural environments, that are narrower with faster flow. This consistent with our
dissolved methane findings, where methane was high at all sites between the dams. Here, we
found spikes in methane behind the dam that decreased with distance from the dam and
increased again at the next impoundment.
Another control on methane production is river flow. Slow flow and shallow water help
promote methane production behind impoundments (Bastviken et al. 2004; Sawakuchi et al.
2021). In deep water, methane produced in the bottom substrates must diffuse a greater distance
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and is more likely to be oxidized. Conversely, in shallow water sites, diffusion is faster, and
methane is more likely to reach the surface before being oxidized. With dissolved methane, this
can be used to estimate diffusive fluxes. When comparing the dissolved samples with the static
floating chamber methods, we found that methane concentrations were much lower than the
methane emissions collected from the static floating chambers, suggesting diffusion is not the
primary pathway of emission. One explanation for this result is that methane will be oxidized to
carbon dioxide via methanotrophic bacteria when both dissolved methane and oxygen co-occur
(Beaulieu et al. 2014). With chamber samples, bubbles and vegetation can bypass this oxygen,
which results in a much higher concentration of methane compared to just dissolved samples. In
addition to the methane samples, we also sampled the river for dissolved oxygen. We found the
impoundment was typically oxygenated or supersaturated with oxygen, with dissolved O2
ranging from 86.5% to 116.7%. Because all the sites were well oxygenated, this could also
explain the lower methane concentrations, because methane oxidation was likely occurring.
Dam Removal and Methane Emissions
Before-after-control-impact (BACI) experimental design is needed with dam studies
because most studies assess the current impact of dams on methane emissions, but not the effect
of the removal, and whether removal ameliorates the impact of a dam on GHG production. BACI
is a research approach that can be used to effectively measure the impact of a changes on an
ecosystem. The BACI research design examines the state of the system before and after a
change. BACI is especially helpful in analyzing environmental impact, often used to improve
research projects like dam removals (Bushaw-Newton et al. 2002). The BACI design will be
used for the Peninsular dam removal project so that we can compare methane fluxes before and
after removal. This is a limitation of many restoration projects, where there is a lack of data to
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compare the conditions before and after removal. This project provides methane emission (mg CCH4 m-2 d-1) data for the “before” portion of the BACI study.
Conclusions:
There is a growing body of research that suggests that small dams may create an
environment that enhances methane release. Small dams typically have much higher organic
matter accumulation rates compared to large dams in proportion to their size, in a given amount
of time. These higher rates of accumulation compared to large dams can facilitate the ebullitive
release of methane (Maeck et al. 2013; Maeck et al. 2014). Maeck et al. (2013) found that
because of this organic matter accumulation, temperate impoundments may produce much more
methane than previously estimated, similar to tropical impoundments due to ebullition.
Further, the creation of macrophyte beds may be the main mechanism through which
small dams enhance methane emission. Small dams may improve the growth of native aquatic
macrophytes like Water Lilies and American Lotus, both of which were abundant at the
Peninsular Dam impoundment. Because dams can increase sediment trapping while also altering
channel morphology, dams can cause significant changes to riparian vegetation and aquatic
macrophyte abundance (Gordon and Meentemeyer 2006; Ceschin et al. 2015). Behind dams,
aquatic vegetation may thrive better than free-flowing portions of the river. At our sites, we
found that floating macrophytes were covering roughly 1/3 of the area behind the impoundment.
Because these aquatic plant stems can act as a pathway for methane release that bypasses
oxidation, this could dramatically increase emissions behind dams. With millions of small dams
globally, where methane emissions are unaccounted for, the vegetation growth that is promoted
could be exacerbating emissions.
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Aquatic ecosystems are highly sensitive to human alterations, and damming may cause
significant degradation to river ecosystems. With the thousands of aging dams in the United
States, dam removal presents the opportunity to restore river ecosystems and reduce greenhouse
gas emissions. This study demonstrates that midlatitude, low head impoundments can be
significant sources of methane. Global estimates of methane emission suggest that dams can be a
significant source of methane, and our study suggests that these may be underestimates because
prior research has not accounted for midlatitude dams, as well as vegetation cover throughout the
impoundment. Therefore, a more accurate assessment of these anthropogenic emissions should
be reported on and included in the IPCC budgets as well as the EPA global emissions inventory.
Future research should target these underrepresented midlatitude impoundments, which may
make up more of the anthropogenic methane budget than previously considered. Finally, any
plans for developing dams along rivers should aim to reduce the potential environmental impact
and also attempt to minimize methane emissions. This can be done by building dams that
produce more energy to offset the greenhouse gas emissions, by carefully selecting sites, and by
designing/operating the impoundment to reduce GHGs (Almeida et al. 2019).
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